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Abstract
A detailed investigation was conducted to evaluate the microstructural characteristics in samples of pure nickel processed using three different
procedures of severe plastic deformation (SPD): equal-channel angular pressing (ECAP), high-pressure torsion (HPT) and a combination of
ECAP and HPT. Several different experimental techniques were employed to measure the grain size distributions, the textures, the distributions























dPT leads both to a greater refinement in the microstructure and to a smaller fraction of boundaries having low angles of misorientation. The
stimated boundary surface energies were higher than anticipated from data for coarse-grained materials and the difference is attributed to
he non-equilibrium character of many of the interfaces after SPD processing.
2004 Elsevier B.V. All rights reserved.
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. Introduction
For many industrial applications, the critical factor in se-
ecting a material is often the specific strength. Ultrafine-
rained (UFG) materials, with grain sizes in the submicrom-
ter or nanometer range, are expected to have higher strength
nd toughness than their coarse-grained counterparts. Ac-
ordingly, grain refinement is generally achieved by devel-
ping appropriate thermo-mechanical processing treatments
nvolving a combination of heat treatments and mechani-
al working. In practice, these treatments have the disad-
antage that they are specific to any selected alloy and new
reatments must be developed for each separate alloy. An
lternative possibility is to attain a UFG structure through
he use of a processing technique involving the applica-
ion of severe plastic deformation (SPD): examples of SPD
∗ Corresponding author. On leave from Institute of Mechanics, Russian
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processing include equal-channel angular pressing (ECAP)
[1–3], high-pressure torsion (HPT) [3–5], accumulative roll-
bonding (ARB) [6–8], friction stir processing (FSP) [9–11]
or combinations of these techniques such as ARB followed
by FSP [12] or ECAP followed by HPT [13–15]. An impor-
tant advantage of SPD processing is that the same procedure
may be used to introduce UFG structures into a wide range
of metallic alloys.
There are two important characteristics defining the UFG
structure in metals. First, it is necessary to measure the mean
grain size, the distribution of grain sizes, the distribution of
the grain boundary misorientations and the texture of the as-
processed material. Second, it is important also to examine
the thermostability of the UFG microstructure since, if the ul-
trafine grains are reasonably stable at elevated temperatures,
there is a potential for achieving superplastic ductilities at
both unusually low testing temperatures and exceptionally
rapid strain rates [16]. Despite the fact that an increase in
strength is generally associated with a loss in ductility in
testing at ambient and low temperatures, recent experiments921-5093/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.msea.2004.09.030
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demonstrated that SPD processing, when taken to a suffi-
ciently high strain, is capable of producing materials exhibit-
ing extraordinary combinations of both high strength and
high ductility [17]. This result was attributed to the unique
characteristics of the UFG microstructure produced by SPD
processing including the presence of an exceptionally high
fraction of non-equilibrium grain boundaries [3].
The two procedures of ECAP and HPT appear to be the
most attractive for developing microstructures having rea-
sonably homogeneous distributions of ultrafine and equiaxed
grains. In ECAP a bar or rod is pressed through a die con-
strained within a channel bent into an L-shaped configura-
tion [1,18–20] whereas in HPT a thin disk is subjected to
a high pressure and concurrent torsional straining [4,5,21].
Although there have been extensive reports documenting the
microstructural evolution taking place during SPD process-
ing in ECAP [22,23] and HPT [5] and the subsequent stability
of the UFG microstructures in annealing treatments [24–26],
relatively little attention has been given either to the devel-
opment of texture in SPD processing or to the nature of the
grain boundary misorientation distributions. However, both
of these parameters play a significant role in determining the
bulk properties of the materials [27,28]. Some information
has become available recently on the grain boundary mis-



























aluminum and a more homogeneous microstructure than in
pure copper [44]. Prior to testing, the nickel was annealed for
6 h at 973 K to give an initial grain size of ∼100m.
For processing by ECAP, cylindrical billets were ma-
chined having diameters of 16 mm and lengths of 130 mm
and these billets were pressed at room temperature using a
die having an internal angle,Φ, of 90◦ between the two chan-
nels and an outer arc of curvature, Ψ , of 20◦ at the point of
intersection of the channels. It can be shown from first prin-
ciples that these values of Φ and Ψ lead to an imposed strain
of ∼1 on each separate passage of the billet through the die
[45]. All of the billets were pressed repetitively for a total of
eight passes under a pressure of ∼800 MPa giving an equiv-
alent strain of∼8, with the billets rotated by 90◦ in the same
sense about the longitudinal axis between each separate pass
in the processing procedure designated route BC [46]. After
pressing, an electric-discharge facility was used to cut small
disks from the centers of the cylinders, with the disks lying
perpendicular to the longitudinal axes of the billets, and these
disks were used for the subsequent measurements.
For HPT, samples were prepared in the form of disks hav-
ing diameters of ∼10 mm and thicknesses of ∼0.3 mm and
they were inserted into a torsion straining facility and sub-
jected to a total of five complete revolutions at room tempera-




























ooys [29–39], ECAP of pure Cu [38,40,41], ECAP and HPT
f pure nickel [5,42] and ECAP of pure Zr [43]. Although
he results on pure Ni are fairly limited [42], the experimen-
al data suggest that HPT produces a microstructure with a
igher fraction of high-angle grain boundaries than ECAP.
owever, no systematic investigation has been conducted to
ate to examine the development of texture and the concomi-
ant evolution of the grain size distribution and the boundary
isorientation statistics when processing by ECAP, by HPT
nd by a combination of these two processing procedures.
ccordingly, the present investigation was initiated to pro-
ide this information.
Pure nickel was selected as a model material for use in
his investigation and the experiments were conducted to de-
ermine the distribution of grain sizes, the texture and the
haracteristics of the grain boundary misorientation distri-
utions using transmission electron microscopy (TEM) and
rientation imaging microscopy (OIM). In addition, the grain
oundary misorientation data were combined with results
btained using high-resolution X-ray diffractometry [14]
nd differential scanning calorimetry [15] to estimate the
rain boundary surface energy in the ultrafine-grained pure
i.
. Experimental material and procedures
High-purity (99.99%) nickel was selected because exper-
ments have shown that the stacking fault energy of pure Ni,
hich is intermediate between the stacking fault energies of
ure Al and pure Cu, leads to a smaller grain size than in pureroposal [47], and recognizing that it is difficult to precisely
uantify the strain imposed in HPT [5], the strain is hence-
orth expressed solely in terms of the total numbers of turns
r revolutions imposed on the sample.
To examine the potential for improving the microstruc-
ure and the subsequent properties through a combination of
CAP and HPT, an additional sample was prepared using
ne of the disks cut from a billet after ECAP and then sub-
ecting this disk to HPT for five revolutions under an applied
ressure of 6 GPa: this specimen is henceforth designated
CAP + HPT.
The distributions of the grain sizes, microtexture and the
rain boundary misorientations were determined using OIM.
he experimental data were collected using a Philips XL-30
EG scanning electron microscope (SEM) with a TSL orien-
ation imaging system [42,48]. The mean grain size was esti-
ated for each condition using a JEOL transmission electron
icroscope. The diffraction profiles were measured using a
pecial double-crystal diffractometer (Nonius FR591) with
egligible instrument-induced broadening [15]. The struc-
ure of the UFG nickel samples was also examined using a
onventional X-ray diffractometer (Phillips 3050) employing
u K radiation in the Bragg–Brentano geometry operating
n a step-scan mode.
The thermal behavior of the samples was obtained us-
ng differential scanning calorimetry (DSC) within an at-
osphere of pure argon. All DSC measurements were per-
ormed in a Perkin-Elmer DSC7 calorimeter under condi-
ions of continuous heating with heating rates of 20, 40 and
0 K/min. The activation energy of the relaxation processes
ccurring during heating was estimated using a conventional
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Kissinger plot [15,26]. The procedure adopted for estimat-
ing the grain boundary surface energy is outlined in the
Appendix.
3. Experimental results
3.1. The grain size distributions
The value of the mean grain size represents the key pa-
rameter in defining the nature of the UFG microstructure
formed through SPD processing. In general, the mean grain
size is usually determined from measurements taken using
TEM but these measurements tend to be difficult because it
is well-established, after processing by both ECAP [49] and
HPT [50], that many of the boundaries in the as-processed
material are diffuse in nature or represent transition zones
between highly deformed grains. In addition, the boundary
extinction contours are often very irregular due to the non-
equilibrium character of the boundaries and the presence of
many extrinsic dislocations. Nevertheless, preliminary ob-
servations by TEM gave mean grain sizes in the Ni samples
of ∼350 nm after ECAP, ∼170 nm after HPT and ∼140 nm
after ECAP + HPT, respectively.









TEM images makes it difficult to clearly differentiate between
many of the individual grains.
The problem of microstructural characterization can be
significantly overcome through the use of OIM. Fig. 1 illus-
trates this problem by showing images taken by OIM (on the
left) and TEM (on the right) for the sample prepared through
the combined process of ECAP + HPT: the stereographic tri-
angle in the center shows the orientations of the individual
grains recorded by OIM. It is apparent from inspection of
both images that the microstructure in this condition consists
of a reasonably equiaxed array of grains with a mean grain
size in the range of ∼0.1 – 0.2m.
A complete analysis of the grain size distribution in any
UFG structure requires detailed OIM observations and the
use of appropriate analytical software. This characterization
introduces the ancillary problem of deciding upon the ap-
propriate tolerance angle (TA), where TA is defined as a
parameter of the OIM measurements such that two neigh-
boring points are considered to belong to the same grain
if the difference in their individual misorientations is less
than TA. The effect of using different values for TA is il-
lustrated in Fig. 2 where the grain size distributions are
shown for samples processed by (a) ECAP, (b) HPT and
(c) ECAP + HPT for values of TA equal to 2◦, 5◦, 10◦ and






ff equiaxed grains in many materials after SPD processing
akes it difficult to fully characterize the UFG microstruc-
ure in terms of the distribution of grain sizes. One possibility
s to assume a priori that the distribution follows a log-normal
unction as in conventional ball-milling but it is not easy to
onfirm this assumption because the complex contrast in the
ig. 1. A color-coded orientation image and a corresponding TEM microg
tandard stereographic triangle shows the orientations of the grains.the UFG nickel processed through a combination of ECAP and HPT: the
t is apparent that the shapes of the individual plots de-
end significantly upon the value selected for TA. In general,
he grain size distribution after ECAP appears to be multi-
eaked whereas the distributions after HPT and ECAP +
PT are smoother and reasonably close to log-normal
unctions.
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Fig. 2. Grain size distributions in UFG nickel as a function of the tolerance angle from 2◦ to 15◦ using orientation imaging microscopy after (a) ECAP, (b)
HPT and (c) ECAP + HPT.
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Fig. 2. (Continued ).
Fig. 3 provides a pictorial illustration of the effect of the
tolerance angle by showing, for the same fields of view, the
color-coded orientation images after (a) ECAP and (b) HPT
for the two tolerance angles of 2◦ (on the left) and 15◦ (on
the right): these angles represent the lower and upper cut-off
limits corresponding, respectively, to a measure of essentially
all grain boundaries in the array and a measure of only the
high-angle grain boundaries defined according to the Bran-
don criterion which designates low-angle boundaries as hav-
ing misorientations up to 15◦ [51]. Thus, some low-angle
boundaries disappear, and the grain size appears intuitively
larger, when using the higher cut-off angle of TA = 15◦.
ter (a) E
It is apparent from Fig. 3 that the grain size is signifi-
cantly smaller after processing by HPT by comparison with
ECAP and, in addition, the microstructure appears to be more
homogeneous and generally more equiaxed after HPT pro-
cessing. Furthermore, it appears from Fig. 2 that the distribu-
tions approximate to a log-normal function for the HPT and
ECAP + HPT samples when taking TA = 2◦ and, despite some
perturbations in the curve, the distribution after ECAP may
be approximated also to a log-normal function. Thus, it is rea-
sonable to define a tolerance angle of 2◦ as a suitable cut-off
in defining the grain size in UFG microstructures. The grain
sizes reported earlier after SPD processing were recordedFig. 3. Color-coded orientation images of UFG nickel af CAP and (b) HPT using tolerance angles of 2◦ and 15◦.
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Fig. 4. Pole figures, the orientation distribution function and the microtexture for UFG nickel after ECAP.
using TEM and they correspond, to a first approximation, to
the use of a tolerance angle of 2◦.
3.2. Texture analysis and grain boundary statistics
Microtexture data, in the form of pole figures obtained
from OIM measurements, are shown in Figs. 4–6 for samples
prepared through ECAP, HPT and ECAP + HPT, respec-
tively; also shown are the corresponding orientation distri-
bution functions (ODF) calculated using harmonic methods.
For processing by ECAP in Fig. 4, the (0 0 1), (0 1 1) and
(1 1 1) pole figures were plotted from OIM data obtained on
the cross-sections of the billets after ECAP. It is apparent that
a texture is present with distinct maxima for the pole figures.
The ODF data show the presence of a strong maximum of
27.8 of the random level with coordinates ofϕ1 = 10◦,Φ= 90◦
and ϕ2 = 40◦ at the position of (80, 90, 50). For processing
by HPT, Fig. 5 reveals the presence of a weak texture with
maxima close to 5.0 of random and represented by a skeleton
pipe beginning at (65, 0, 0) and continuing through sections
ofϕ2 = 0, . . ., 45◦ and shifting to the point of (10, 0, 45). There
is another pipe stretching on the side of Φ= 90◦ essentially
parallel to the first. It is especially interesting to inspect the
texture of the nickel specimen processed by a combination
of ECAP and HPT as shown in Fig. 6. The pole figures of
the nickel after ECAP + HPT appear essentially similar to
the nickel after HPT as shown in Fig. 5 but with a stronger
maxima of 6.2. The pole figures (0 0 1), (0 1 1) and (1 1 1)
are similar to those in Fig. 5 but with a rotation around the
normal direction by about 45◦. The same skeleton pipes are
present on the ODF for nickel subjected to a combination of
ECAP and HPT.
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Fig. 5. Pole figures, the orientation distribution function and the microtexture for UFG nickel after HPT.
3.3. The grain boundary misorientation distributions
The grain boundary misorientation distributions are shown
in Fig. 7 for the three processing conditions of ECAP, HPT
and ECAP + HPT and the corresponding characteristics are
summarized in Table 1 in terms of the fractions of low-angle
(Σ1) boundaries having misorientations up to 15◦, twin (Σ3)
Table 1
The grain boundary character distribution (Σ) as a percentage in UFG nickel
after ECAP, HPT and ECAP + HPT
Samples\boundaries Σ 1 Σ 3 Other, Σ5–30 HAB
ECAP nickel 23.2 5.1 11.7 60.0
HPT nickel 15.4 3.0 13.5 68.1
ECAP + HPT nickel 10.5 3.3 15.5 70.7
Random distribution 2.1 1.6 7.0 89.3
boundaries, other special (Σ5–30) boundaries and high-angle
boundaries (HAB) having orientations >15◦: the angle θ in
Fig. 7 denotes the measured misorientation angle between
any two adjacent points in the OIM scan. Also superimposed
on the three distributions in Fig. 7 are the theoretical curves
predicted for a random distribution of misorientation angles
[52]: the requirements associated with a random distribution
are summarized in the last row of Table 1.
Inspection of Fig. 7 shows the distributions are bimodal
in character for all three processing conditions with peaks at
both low (<15◦) and high (>15◦) angles. The peaks at angles
<15◦ are not consistent with the theoretical prediction for a
random distribution but the experiments show that the frac-
tion of these low-angle boundaries is lower in HPT than in
ECAP and there is an even greater reduction for the sample
processed by ECAP + HPT. There is also evidence in all three
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Fig. 6. Pole figures, the orientation distribution function and the microtexture for UFG nickel after ECAP + HPT.
distributions for the presence of two peaks at the higher an-
gles, with these peaks lying in the vicinity of misorientation
angles of ∼35◦ and ∼60◦, respectively. A similar effect was
reported in experiments on pure Al processed by ECAP [33]
and the second peak corresponds to the twin misorientation.
It follows from Table 1 that the fraction of high-angle
boundaries increases from ∼60% after ECAP to ∼68% af-
ter HPT and ∼71% after ECAP + HPT whereas a random
distribution predicts a fraction of high-angle boundaries of
∼89%.
3.4. The grain boundary surface energy
The total enthalpy released during the DSC experiments
was estimated directly for the ECAP, HPT and ECAP + HPT
specimens and these results are summarized in the first row
of Table 2. Also shown in the second row of Table 2 are the
values estimated for the elastic energy using the three differ-
ent processing procedures. These values were estimated by
using information from independent experiments, reported
elsewhere [14], where a high-resolution X-ray diffractome-
ter was used to determine the type and density of the disloca-
tions present in UFG Ni processed by the three procedures of
ECAP, HPT and ECAP + HPT. Briefly, a peak profile anal-
ysis was used to measure the distribution of grain size, the
dislocation density and the corresponding root mean square
Table 2
The enthalpy released during DSC and the elastic energy stored in UFG
nickel
Parameter\samples ECAP HPT ECAP + HPT
Enthalpy, H (J mol−1) 59.3 102.7 187.9
Elastic energy, W (J mol−1) 17.6 23.3 42.5
∆HGB (J mol−1) 41.7 79.4 145.4
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Fig. 7. The grain boundary misorientation distributions in UFG nickel after (a) ECAP, (b) HPT and (c) ECAP + HPT.
strain in UFG Ni. The Fourier transforms of the experimental
X-ray peak profiles were then fitted by theoretical functions
calculated on the basis of a microstructural model in which
the grains were assumed to have a spherical shape and a log-
normal size distribution: it should be noted that the present
experimental evidence recorded in Fig. 2 is consistent with
the assumption of a log-normal distribution. It was further
assumed that the strain broadening of the profiles was due
to {1 1 1} <1 1 0> dislocations and the elastic energy stored
in the strain fields of the dislocation structures was then cal-
culated using Eqs. (A.4) and (A.5) in the Appendix for the
fractions of screw and edge dislocations detected by this pro-
cedure, respectively. These calculations gave the values esti-
mated for the elastic energies in Table 2.
Inspection of Table 2 suggests that the activation enthalpy,
H, correlates inversely with the mean grain size so that
it is directly proportional to the fraction of intercrystalline
material in the processed samples. Thus, it is reasonable to
conclude that the mean value of the total released enthalpy
represents the sum of the grain boundary energy due to the
decrease in the intercrystalline volume fraction and the elastic
energy of the dislocation network that is annihilated during
grain growth. Accordingly, the difference between the total
released enthalpy and the elastic energy corresponds to the




Fig. 8 shows an enlarged portion of the grain bound-
ary misorientation distribution after processing by ECAP for
misorientation angles plotted in 3◦ increments up to a to-
tal of 15◦. The smooth curve in Fig. 8 represents the ratio
γLAB/γHAB and it was calculated using Eq. (A.8) in the Ap-
pendix, where γLAB and γHAB are the grain boundary surface
energies for the low-angle and high-angle boundaries, respec-
tively. For each separate increment of low-angle misorienta-
tions, an average value was assigned for the grain bound-
ary surface energy where this value was calculated through
integration of the grain boundary surface energy curve. Fi-
Fig. 8. The normalized function (solid line) calculated from Eq. (A.8) and an
e
n
cercrystalline fraction, as shown in the bottom row of Table 2.
his fraction can then be used to estimate the surface energy
or boundaries having high angles of misorientation.nlarged portion of the grain boundary misorientation distribution for UFG
ickel after ECAP: the hatched area for the grain boundary surface energy
orresponds to the fraction of low-angle boundaries in the range from 0◦–3◦.
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Table 3
The grain boundary character distribution and the surface energy at low misorientation angles
Angle γi = γθγHAB ECAP HPT ECAP + HPT
Fraction, fi fiγ i Fraction, fi fiγ i Fraction, fi fiγ i
0–3 0.08 0.058 0.0046 0.036 0.0029 0.025 0.0020
3–6 0.17 0.061 0.0104 0.037 0.0063 0.026 0.0044
6–9 0.23 0.052 0.0120 0.031 0.0071 0.023 0.0053
9–12 0.25 0.036 0.0090 0.022 0.0055 0.017 0.0043
12–15 0.27 0.025 0.0068 0.028 0.0076 0.014 0.0038
Total 1.00 0.232 0.0428 0.154 0.0294 0.105 0.0198
nally, the individual fractions of low-angle boundaries within
each angular range of 3◦ were estimated directly from the
experimental data. All of these results are summarized in
Table 3 and the significance of fiγ i. is defined explicitly in
Eq. (A.10).
In general, grain boundaries having twin misorientations
have very low surface energies and they may be reasonably
considered as zero surface energy interfaces [53]. Although
the energies of other special boundaries, such asΣ5–30, may
be lower than for random high-angle boundaries, the differ-
ence is not large and, as indicated in Table 1, the fraction
of these boundaries in the theoretical random distribution is
relatively low. Accordingly, it is reasonable to assume these
boundaries have surface energies equal to that of high-angle
boundaries. Using Eqs. (A.6) and (A.9) and the procedure
documented in the Appendix, it is possible to calculate the
surface energy of the high-angle boundaries in UFG Ni after
processing through the three separate procedures. These cal-
culations give surface energies of∼1.1,∼1.2 and∼1.0 J m−2
for processing by ECAP, HPT and ECAP + HPT, respectively,
where all of these values are higher than the surface en-
ergy reported in the literature for coarse-grained nickel of

















4.2. The texture after SPD processing
Generally, relatively little attention has been given to the
nature of the texture after SPD processing. However, there is
a report of the evolution of texture in Cu processed by HPT
where, with increasing strain in torsion, the intensity of the
{2 0 0} peak decreased relative to the {1 1 1} peak giving an
ultimate ratio after five turns of HPT of∼6.3 [55]. This result
is not consistent with the present data for pure Ni where there
is a strong axial texture of the {2 0 0}peak with a maximum of
∼3 compared to a maximum for the {1 1 1} peak below 2.0 of
random level. The texture in ECAP copper was measured and
modeled very recently [56] and it was shown that it is similar
to a shear texture that is characterized by distinct orientations
of the C-component [57,58]. No exact C-component has been
observed in ECAP nickel but it is evident that two distinct
orientations are present in the ODF suggesting the occurrence
of a shear component in the deformation mode.
4.3. The nature of the grain boundary statistics
Inspection of Fig. 7 shows that the distributions of the
misorientation angles for all UFG Ni specimens reveal a bi-
modal character with peaks within both the low and high an-



















.1. The grain size distribution
The microstructure of a material subjected to SPD pro-
essing is characterized primarily by the mean grain size.
owever, there are difficulties in using TEM to measure the
ean grain sizes of materials after SPD processing because
f the inherent complexities of the microstructures and the
ll-defined nature of many of the boundaries. There are also
onsequent difficulties in deducing the grain size distribu-
ions but the present results demonstrate that, to a first ap-
roximation at least, the distributions reasonably follow a
og-normal function for each of the processing routes used
n this investigation. In addition, OIM provides a power-
ul tool in determining the mean grain size but it is neces-
ary to decide upon the value of the tolerance angle mark-
ng the lower limit for the definition of an intercrystalline
oundary.ecreases in the order from ECAP to HPT to ECAP + HPT
nd the reduction in the low-angle peak corresponds also to
reduction in the mean grain size. The presence of these
ow-angle peaks is a natural consequence of the very high
trains, and thus the large numbers of dislocations, that are in-
roduced into the materials during processing. Nevertheless,
hese low-angle peaks are not consistent with the theoreti-
al predictions for a random distribution of misorientation
ngles. An important conclusion from the present investi-
ation is that a combination of ECAP and HPT leads both
o a finer homogeneous microstructure and to a higher frac-
ion of high-angle boundaries with a general misorientation
istribution that is significantly closer to the theoretical dis-
ribution.
According to Table 1, ECAP processing leads also to
higher fraction of twin boundaries (Σ3) by comparison
ith HPT. The fraction of twins after ECAP + HPT was also
lightly higher than after HPT, thereby suggesting that the
win boundaries are reasonably stable when subjected to
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subsequent processing by HPT. Table 1 shows also that all
processing routes lead to a remarkably high fraction of special
boundaries (Σ5–30) by comparison with the theoretical ran-
dom distribution. It should be noted that these specialΣ5–30
boundaries were taken as high-angle random boundaries in
evaluating the grain boundary surface energies.
4.4. Grain boundary surface energy
It is possible, in principle at least, to evaluate the grain
boundary surface energy using Eq. (A.7) in the limit where
θ→ 15◦. However, the dislocation core radius is not de-
fined explicitly so that, assuming a reasonable core radius
of r0 = b/2 where b is the Burgers vector, it follows that the
function in Eq. (A.7) achieves a maximum at θ = 18.2◦ and
γLAB (at θ = 18.2◦) ≈0.715 J m−2. Alternatively, Eq. (A.7)
can be parameterized to have a maximum at θ = 15◦ and in
this case the core radius becomes r0≈ 0.61b and the value of
the surface energy is ∼0.6 J m−2. Similar values have been
reported in the literature for the surface grain boundary en-
ergies of coarse-grained Ni [54] and Cu [59] and a very sim-
ilar estimate was reported also for HPT Cu, based on DSC
measurement of the released enthalpy, where the energy was
calculated as close to∼0.8 J m−2 [55]. It is interesting to note
























the smallest grain size of ∼140 nm was achieved after a
combination of ECAP and HPT.
2. The grain size distribution is log-normal after HPT and
ECAP + HPT and it approximates to a log-normal func-
tion after ECAP. Texture measurements reveal a strong
texture after ECAP and a weaker texture after HPT. The
application of HPT after ECAP appears to significantly
suppress the texture developed in ECAP. Measurements
of the grain boundary misorientation distributions reveal
the presence of two separate peaks occurring at low an-
gles (<15◦) and at high angles (>15◦): the height of the
low-angle peak decreases in the order from ECAP to HPT
to ECAP + HPT.
3. The surface energies were estimated for high-angle
random boundaries giving values of ∼1.1, ∼1.2 and
∼1.0 J m−2 after processing by ECAP, HPT and
ECAP + HPT, respectively. These values are higher than
anticipated for coarse-grained nickel (∼0.7 J m−2) and the
difference is attributed to the non-equilibrium character of
the grain boundaries after SPD processing.
4. The experimental results provide a very clear demonstra-
tion of the advantage of processing materials through a





















gn HPT copper was reported as 95.25 J mol for experimen-
al conditions corresponding to a pressure of 5 GPa at room
emperature after a total of five turns [55]. This value is in ex-
ellent agreement with the present result of ∼102.7 J mol−1
btained for HPT Ni under a pressure of 6 GPa at room tem-
erature after five turns.
The values of the grain boundary surface energy obtained
n the present work are higher than those generally reported
n the literature. This suggests that the grain boundaries in the
FG Ni are in a high-energy state as anticipated from sev-
ral early reports of the presence of non-equilibrium bound-
ries after SPD processing [3]. Furthermore, the geometrical
actor, α, in Eq. (A.2) has been variously estimated for real
icrostructures as ∼1.67 [60] or ∼1.3 [61] and these values
f α will lead to even higher estimates for γHAB.
Despite these shortcomings, the results generally present
comprehensive assessment of the nature of the microstruc-
ures introduced into pure nickel through processing by
CAP, by HPT and by a combination of both procedures.
n general, there is very good agreement with the results re-
orted for Cu after HPT [55] and there is also a consistency
ith earlier reports of the non-equilibrium nature of the grain
oundaries after SPD processing.
. Summary and conclusions
. Samples of pure nickel were processed by severe plastic
deformation (SPD) using three distinct procedures: ECAP,
HPT and ECAP + HPT. The results show the mean grain
size is largest after ECAP, intermediate after HPT andcknowledgments
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ppendix A. Procedure for estimating the grain
oundary surface energy
In polycrystalline materials subjected to deformation, the
otal excess of enthalpy per molar material can be expressed
s
H = HGB +W, (A.1)
hereHGB is the total excess energy from the grain bound-
ries and W is the total excess energy related to the enhanced
lastic energy stored in the dislocations. The first term of Eq.









here α is a geometrical factor, γ is the grain boundary sur-
ace energy, Ω is the atomic volume (1.09× 10−29 m3), NA
s Avogadro’s number, and d0 and d are the initial and final
rain sizes, respectively. For an idealized model of spherical
388 A.P. Zhilyaev et al. / Materials Science and Engineering A 391 (2005) 377–389
grains, the value of α is 3. Since 1/d0〉〉1/d, it follows that
the grain boundary energy may be represented (in units of
J mol−1) as
HGB = 3 γ
d0
ΩNA. (A.3)
The elastic energy stored in the strain field of the dislo-
cation structure may be calculated using the following rela-
tionship:
W = A∗G2bρ logRC
r0
, (A.4)
where the coefficient A* is equal to 1/4π for screw dis-
locations and 1/[4π(1–ν)] for edge dislocation where ν is
Poisson’s ratio, G is the shear modulus (7.89× 1010 Pa),
ρ is the dislocation density, RC is the effective outer ra-
dius for dislocation interactions and r0≈ b is the dislocation
core radius where b is the magnitude of the Burgers vector
(2.49× 10−10 m). The values ofRC and ρmay be determined
from X-ray experiments and the value for A* can be taken as




fscrew + fedge 11− ν
)
, (A.5)
























accepted that the limit for LAB is given by θ0 = 15◦ (or π/12
in radians).
In Fig. 8, the function represented by Eq. (A.8) is shown


















where fLABθ and fHAB are the fractions of the low-angle and
the high-angle boundaries, respectively, with the fraction of
twins excluded from fHAB. From Eqs. (A.6) and (A.9), the
surface energy of the high-angle grain boundaries can be
evaluated.




fii + fHABHAB, (A.10)
where fi and γ i are the fraction of low-angle boundaries and
the boundary energy for this fraction, respectively.
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